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EFFECTS OF INTERPHASE TEMPERATURE DIFFERENCES AND
WALL FRICTION IN HIGH-TEM PERATURE HEAT PIPES
by Peter M. Sockol

Lewis Research Center

SUMMARY

From the analysis of a simple evaporation-heat-transfer system it is shown that the
temperature drop required by the second law of thermodynamics occurs at the liquid-
vapor interfaces. The temperature drop is estimated for conditions comparable to those
in a 30-kilowatt, 1800 K lithium heat pipe. A simple one-dimensional treatment of the
fluid dynamics in a high-temperature heat pipe is used to predict pressure drops in such
a pipe. The effects of evaporation and condensation on wall friction in turbulent flow are
included in the analysis. The additional friction due to condensation is shown to reduce
the pressure recovery by a factor of 2. Detailed calculations are presented for two
1800 K lithium heat pipes.

INTRODUCTION

The typical heat pipe consists of a closed pipe, which serves as a containing enve-
lope; an internal wick-like structure running the length of the pipe; and enough liquid to
fill the wick. Heat transfer is achieved by the evaporation of liquid at one end of the
pipe, transport of the vapor to the other end of the pipe, condensation of the vapor, and
return of the liquid through the wick by capillary action. As the heats of vaporization
of normal working fluids are very large, high heat-transfer rates can be obtained with
relatively small temperature drons and fluid flow rates compared to those of other de-
vices. In a particular application the choice of working fluid and the type of wick are
determined by considerations such as the operating temperature range and the required
heat flux. General review papers touching on many types of heat pipes are currently
available (refs. 1 and 2).

It is relatively easy to demonstrate, using the second law of thermodynamics, that
mass flow in a heat pipe requires a temperature drop over and above that required to



conduct heat to and from the evaporating and condensing surfaces. It is not immediately
obvious, however, where this temperature drop occurs. For this reason, in the pres-
ent work a simple evaporation-heat-transfer system is analyzed, and the temperature
drop is estimated for conditions comparable to those in an 1800 X lithium heat pipe.

The present fluid dynamic treatment is most appropriate to high-temperature heat
pipes with high heat fluxes. Such a pipe finds its major application in the areas of high-
temperature nuclear reactors and thermionic power systems, areas of current interest
to the author. The normal working fluids are alkali metals which have vapor pressures
of a few atmospheres at the temperatures of interest. The high vapor pressures permit
high heat fluxes at low Mach numbers; this in turn means that the vapor flow can be con-
sidered to be incompressible. In addition, the high heat fluxes generally lead to turbu-
lent vapor flow. These restrictions have been incorporated in a simple one-dimensional
analysis of liquid and vapor flow in the evaporator, adiabatic, and condensor sections of
a heat pipe. Measurements of the effects of injection and extraction of fluid on wall
friction in turbulent flow have been reported in the recent literature. These resulis
have been included for the first time in the present heat pipe analysis. Numerical cal-
culations of pressure drops are presented for two lithium heat pipes.

TEMPERATURE DIFFERENCES

We consider a simple evaporation-heat-transfer system as sketched in figure 1.
Liquid is evaporated at surface 1; the vapor flows at a low velocity, with constant pres-
sure pg and temperature T3, to surface 2 where it is condensed; and the liquid is
returned to surface 1 by a separate channel (see appendix A for definition of symbols).
The vapor passage is assumed to be large and thermally insulated so that frictional
effects and heat transfer to or from the passage are negligible. Net heat conduction
through the vapor is neglected. The frictional pressure drop in the liquid return passage
is balanced by capillary forces produced by a fine mesh screen situated at surface 1.

It is assumed that heat can be supplied directly to surface 1, so that no temperature
drop across the liquid is required, and removed directly from surface 2.

Application of the second law of thermodynamics to the above system shows that Tz
must be less than Tl' Work can be obtained from the system without altering T1 or
T2 by inserting a small turbine in the liquid return passage and supplying an additional
amount of heat to surface 1 to compensate for the work. Hence, if T2 = Tl,‘ the system
could exchange heat with a single reservoir and produce work in violation of the second
law. In the vapor, some distance away from surfaces 1 and 2, heat conduction can be
neglected because of the low thermal conductivity of the vapor. From the continuity and
steady-flow energy equations, in the absence of heat conduction and shaft work, the



velocity and temperature of the vapor are constant. Therefore, the temperature drop
required by the second law must occur in the vicinity of the liquid-vapor interfaces.
The presence of interphase temperature differences has been used to interpret heat-
transfer measurements in film condensation of liquid-metai vapors (ref. 3). For ordi-
nary (nonboiling) evaporation, however, investigations of such temperature differences
are not available. Evaluation of the vapor temperature T3 for the present system is a
difficult problem in the kinetic theory of gases. Nevertheless, the temperature drop
(T1 - T2) can be estimated quite well.

The treatment that follows is essentially that of references 3 and 4. It is assumed
that the molecules leaving the surface have a half-Maxwellian velocity distribution, and
those approaching the surface have a Maxwellian distribution with a small mass vélocity
toward or away from the surface. The condensation coefficient (ref. 3) is assumed to
be unity. Evaluation of the difference in fluxes between these two distributions at sur-
face 1 gives the net mass flux per unit area fn,

o A (anTl)‘l/z by - Pg) +§fn

or

M~ 2 (27rRT1)"1/2 (y - p3) (1)

where R is the gas constant for the vapor and Py is the saturation pressure at Tl'

It is assumed that the relative temperature difference is small compared to the relative
pressure difference. If the same expression is applied to surface 2 and Pg is elimi-
nated between the two equations, we obtain

by - Py ~ @RT,)/% 1 @)

Finally, since pq and py are both saturation pressures, the Clapeyron relation
(ref. 5) can be used to obtain the temperature difference

T, RT
V2101,

T, - T, =~ (27RT
1 2 ) hf

3)
g

where hfg is the heat of vaporization per unit mass. For the 30-kilowatt, 1800 X,
lithium heat pipe described in appendix B, the heat flux to the liquid-vapor interface in



the evaporator is 1. 99><106 watts per square meter and m = 0. 1086 kilogram per square

meter per second. From equation (3) this gives T, - Ty =~ 0.26 K.

The system of figure 1 can be modified to one that behaves much like a heat pipe by
accelerating the vapor in a nozzle, passing it through a long passage with wall friction,
and decelerating it in a diffuser before condensing it at surface 2 (see fig. 2). If the
vapor passage is thermally insulated, by conservation of energy the temperature T 4 of
the vapor adjacent to surface 2 will equal T3. As the pressure p 4 is less than Py by
the frictional drop in the intervening passage, the vapor at T3 and p 4 will be super-
heated. Hence, there must be an additional temperature drop at surface 2 for condensa-
tion to occur. ThisA frictional contribution ATf to the temperature drop (T 1- T2) can
be calculated directly from the Clapeyron relation (ref. 5).

T1 RT1
ATf R — — (p3 - p4) (4)
h
Py Do

For the same 30-kilowatt lithium heat pipe, the pressure drop in the 300-centimeter
adiabatic section is 1. 99x10° newtons per square meter. From equation (4) this gives
AT, &~ 1.32 K. The temperature drop is now the sum of equations (3) and (4),

Ty - T2 ~ 1.58 K.

In a real system the presence of a small amount of noncondensable gas can increase
the temperature drop predicted by equation (3). The gas will tend to collect at the con-
densing surface and form a diffusion barrier to the vapor. In addition, the adsorption of
the gas on the liquid surface can reduce the condensation coefficient. Both effects in-
crease the pressure drop in the system and lead to a larger temperature difference.
Finally, it must be repeated that all the temperature drops described above are in addi-
tion to the dominant ones required to conduct heat to and from the evaporating and con-
densing surfaces.

FLUID DYNAMICS

The pressure drop in a heat pipe should be calculated between the points of maximum
and minimum curvature in the meniscus at the liquid-vapor interface. The former
occurs at the beginning of the evaporator, and the latter somewhere in the condensor.

At low vapor pressures the vapor recovery term, which varies as p"rl (see eq. (6)), can
exceed the frictional pressure drop in the liquid. In this case the minimum difference
between vapor and liquid pressures, and hence, the minimum curvature in the meniscus,
occurs at the beginning of the condensor. ¥or the higher vapor pressures of interest



here, the recovery term is relatively small and the minimum occurs at the end of the
condensor.

Consider a heat pipe with an annular liquid return passage as sketched in figure 3.
The cross section need not be circular. The vapor flow is assumed to be everywhere
turbulent and incompressible. The effects of the changing velocity profile in the begin-
ning of the evaporator are neglected since the pressure drop in this low-velocity region
should be small. Turbulent vapor flow, once established, should persist well into the
condensor. The liquid flow in the thin annulus is assumed o be laminar.

A one~-dimensional analysis is employed for the vapor flow. The pressure Py is
assumed to be constant over the cross section, and the difference between the mean
square velocity :12 and the square of the mean velocity ﬁz is neglected. This isa
reasonable approximation in turbulent flow where the velocity profile is somewhat flat-
tened. Conservation of momentum for this model gives

dp, aue

v =
—AEX——CTW—-pVAE;- (5)

where x is the coordinate along the pipe, Tw the wall shear stress, Py the vapor den-
sity, A the cross-sectional area, and C the wetted perimeter. Introduce the mass

flow rate w = pVAﬁ and the hydraulic diameter D = 4 A/C, and write equation (5) as

o1 aw? ©)

2 d
vadx

—v__4.
dx D ¥

It has been noted before (ref. 6) that the fluid dynamics of vapor flow in the evapora-
tor and condensor of a heat pipe is equivalent to flow in a porous tube with injection or
extraction of fluid at the walls. Measurements of wall shear stress in turbulent flow
have been made for both injection (ref. 7) and extraction (ref. 8). A simple theory based
on a Reynolds flux analogy (ref. 9), which was developed to interpret the extraction
data, has also been found to describe the injection data (ref. 10). Briefly, it is assumed
that the fluid striking the wall carries with it the free-stream axial momentum, while
that leaving the wall carries zero axial momentum. Superposition of an injection or
extraction rate m per unit wall area on the normal turbulent flow leads to a reduction
in the friction factor f in both cases. However, for extraction there is an additional
term mu in the wall shear stress. The results of the analysis may be written:

Injection: T = %— ip 02 )

w



Extraction: T = % fp W 4+ ma (8)

with

f=1f,exp <— 4fn_> ©)
fopvu

where f, is the friction factor for m = 0.

In the heat pipe the flow rate w varies linearly with x from zero to 7 if the
wall heat flux is constant. Hence, m = Wt/ Cl, where ! is the length of the appropriate
section. It is assumed that the friction factor f, can be taken as constant. In the evap-
orator, equations (6), (7), and (9) with @ = W/va give

2
f oV

-1
2

. W 2
Py exp D Yt) 1 aw (10)
dx

.l w 2 dx
v 0'e pVA

Integration of equation (10) from 0 to ¢ o With dw/dx = Wt/ L, gives the pressure change
in the evaporator

2
w
Ap =-1‘.~t__ 2+.._!_E (z.)], z :..P__ (11)
e 2 g g AT e 4,
p. A e 0"e
v
where
00
E4(z) = e'Ztgi-: (12)
1 t*

The function E 4 1s tabulated in reference 11. 1In the condensor, equations (6), (8), and
(9) give

w. w. 2
exp(-_D__t.)_._}__ .___t.w+gﬂ_ (13)



Integration of equation (13) from 0to 1 c with dw/dx = - Wt/ l c gives the pressure
change in the condensor

2
w.
ap, =it h_ g @),z =L (14)
c 2 9 7 4\°c C 51
p. A c 0%c

'
The pressure recovery in equation (14) is only one-half the acceleration pressure drop
in equation (11).

Finally, the pressure change in the adiabatic section is readily obtained from-equa-

tion (6) with dw/dx =0 and

_1 _1
Tw =g loPv" =3 (15)

Integration of equations (6) and (15) from 0 to I, gives the pressure change in the
adiabatic section

2

Ww.
Ap, =-1_t 1 , _ D (16)
a 2 9z ? £

va a 0"a

The total pressure change in the vapor is the sum of equations (11), (14), and (16),

2

Ww.
ap,=-1 "t hilr,z)+lE,@)+Ll (17)
v 9 2 g, 47e T 74T T

va e c

The laminar flow in the liquid-return annulus can be treated in an equally simple
fashion. From the two-dimensional analysis of fully developed laminar flow in a porous
channel (ref. 12), it is seen that the velocity profile is almost parabolic when the wall
Reynolds number, RW = md/ Ky with d the annular spacing and My the viscosity, is
less than 1 in magnitude. This is normally the case. For a parabolic profile we have

T =6 —— (18)



and

w? - g T2 (19)
where the bar again indicates the mean value. Conservation of momentum requires
dp 2
_A.._A_C'rwzplAgu_ (20)
dx dx
where the parameters have the same meaning as in equation (5). Combining equa-
tions (18) to (20) and setting W = w/p ;A and A=1/2Cd gives
dp i . 2
__£'=- 24 l W-ﬁ-—_—_l __dW (21)
dx

775
plCd3 PZAZ dx

When equation (21) is integrated over the entire length of the liquid-return channel, the
second term cancels, and the total pressure change in the liquid is given by

A

ulwtl

Apl=-24 3

@2)
plCd

where
» 1
l —E (le+ lc)+ L,

The expressions for Apv and Apl are valid only if the heat pipe has the same
cross section throughout. When this is not the case, the cancelation of terms between
evaporator and condensor will not occur, and there will be additional frictional losses
in the transition regions between the sections. An example of this type is considered
later.

The total frictional pressure drop (ApV + Ap Z) must be balanced by the rise in pres-
sure across the capillary screen in the evaporator. The maximum flow rate, and there-
fore the heat flux, in a high-temperature heat pipe is thus limited by the requirement

22+ Ap +A4Ap, >0 23)
r v



where o is the liquid surface tension and r the pore radius of the capillary screen.
In practice one would like to operate well within this limit as a safety factor.

RESULTS OF PRESSURE DROP CALCULATIONS

The equations of the previous section have been used to calculate the pressure drops
in two lithium heat pipes. The details of the calculations, including checks on the valid-
ity of some of the basic assumptions, are presented in appendix B. These could be of
use to a designer. The results of the calculations are presented in this section. .

The first heat pipe might be used to cool a small compact nuclear reactor. It is to
be 1.0 centimeter in outside diameter by 35 centimeters long and to carry 10 kilowatts
thermal power at an operating temperature of 1800 K. The internal dimensions are
evaporator length, [ e = 15 centimeters; adiabatic section length, la = 5 centimeters;
condensor length, 2 c = 15 centimeters; wall thickness, 0.75 millimeter; annular spac-
ing, d = 0.25 millimeter; screen thickness, t = 0.15 millimeter. A realistic pore size
for the screen is given by r = 50 micrometers. Hence, the limiting capillary pressure
riseis 2o0/r ="1. 5><103 newtons per square meter.

For this case equations (17) and (22) give

Ap, = -6.26x10% N/m?

Ap, = -1.66x10° N/m?

and the total pressure drop of -2. 29><103 newtons per square meter is well within the
capillary pressure rise. Although Apv is only 27 percent of the total pressure drop,
the second term in the wall shear stress for the condensing vapor (eq. (8)) accounts for
72 percent of Apv. '

Next consider a long heat pipe which might be used to carry heat from a nuclear
reactor to a string of thermionic converters. It is to be 1.9 centimeters in outside
diameter by 450 centimeters long, with a 300-centimeter adiabatic section, and to carry
30 kilowatts thermal pdwer at an operating temperature of 1800 X. In the evaporator
and condensor a thin liquid-return annulus is desirable to reduce the radial temperature
drop produced by heat conduction into and out of the pipe. In the long adiabatic section,
however, a thin annulus produces an excessive pressure drop, proportional to d'3, in
the liquid (see eq. (22)). One solution is to select a larger value of d for this section
by minimizing the sum of the vapor and liquid pressure drops with respect to d. The
screen is taken to have the same pore size as in the previous case.



In the evaporator and condensor the internal dimensions are evaporator length,
) e = 30 centimeters; condensor length, 1 c = 120 centimeters; wall thickness, 0.'75 mil-
limeter; annular spacing, d = 0.50 millimeter; and screen thickness, t = 0.25 milli-
meter. For this case, equations (17) and (22) give

Ap, = -3.43x10% N/m?

Ap, =-1.14x10° N/m>

l

and the total pressure drop is -1. 48><103 newtons per square meter. Here the second
term in the wall shear stress for the condensing vapor is 64 percent of Apv and 15 per-
cent of the total drop.

In the adiabatic section, minimizing the total pressure drop gives d ~ 1.0 milli-
meter. This of course means that the diameter of the vapor passage is reduced from
its value in the evaporator and condensor sections by 1.0 millimeter. The resulting
pressure drops are

Ap, = -1.99x10° N/m?

Ap, = -5.85%10% N/m?

l

and the total drop is -2. 58><103 newtons per square meter. Here Apv is 77 percent of
the total pressure drop. Finally, the total pressure drop for the heat pipe is -4. 06><103
newtons per square meter which is again well within the capillary pressure rise of

1. 5><103 newtons per square meter. Note that if the transitions from the 0.5 millimeter
annulus in the evaporator and condensor to the 1.0-millimeter annulus in the adiabatic
section are sufficiently gradual, the flow of liquid and vapor through the transitions will
produce negligible pressure drop.

An alternative means of reducing the pressure drop in the adiabatic section is to
return the liquid in a porous artery. The artery is made just large enough to keep the
liquid flow laminar. For the present case this requires an inside diameter of 0.5 centi-
meter. The resulting pressure drops are

Ap, = -1. 99x10° N/m?

Ap; = -1.64x10% N/m?

10



and the total drop is -2. 15><103 newtons per square meter. The pressure drop for the
entire heat pipe is now -3. 63><103 newtons per square meter.

CONCLUDING REMARKS

A simple evaporation-heat-transfer system has been studied to determine the loca-
tion and magnitude of the temperature drop required by the second law of thermody-
namics. The drop occurs at the liquid-vapor interfaces and is quite small for a high-
temperature heat pipe. In the heat pipe the increased wall friction associated with the
condensation process in turbulent flow reduces the pressure recovery by a factor of 2.
Finally, for a heat pipe with a long adiabatic section, the pressure drop can be inini-
mized by a proper selection of the ratio between the liquid and vapor cross sections.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 3, 1971,
120-27.
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APPENDIX A

cross-sectional area
wetted perimeter
hydraulic diameter, 4A/C
mean diameter of annulus
diameter 'of vapor passage
annular spacing
exponential integral, eq. (12)
friction factor

friction factor for m =0
heat of vaporization
length of passage

effective length, eq. (22)
Mach number

mass injection or extraction rate
per unit wall area

pressure

'pressure change

heat-transfer rate

gas constant for vapor

wall Reynolds number, md/u
axial Reynolds number, puD/u
p(;re size of capillary screen
speed of sound in vapor
absolute temperature

temperature drop due to wall
friction

screen thickness

SYMBOLS

N

U
o
o

T
w

axial velocity

local mass flow rate

total mass flow rate

axial coordinate

dimensionless parameter, D/fol

viscosity

| density

surface tension

wall shear stress

Subscripts:

a
c
e
l
v

1,2,3,4

adiabatic section
condensor section
evaporator section
liquid

vapor

positions in evaporation-heat-
transfer system (figs. 1
and 2)



APPENDIX B

PRESSURE DROP CALCULATIONS
The following properties of lithium at 1800 K were extracted from reference 13:

h, = 1.88x10" J/kg

ig
p, = 3.11x10° N/m?

p, = 1.44x107 kg /m?

i, = 2.10x10"% N-sec/m?
p, = 3.87x10% kg/m°

4 N-sec/m2

[J.Z = 2. 04><10-
o =1.87x10% N/m

The speed of sound in monatomic lithium vapor is

1/2

by

Sy = 1.67 = = 190 m/sec
Py

For a pore size r =50 um, the limiting capillary pressure rise is given by 2 ¢/r =
7.5x10° N/m2.
For the first heat pipe Q = 10 kw = 10% 3 /sec, and

w, =% = 5.32x10"% kg/sec

The internal dimensions are
l,=15cm, I_=5cm, lc=15cm

e a

DV=0.7'7 cm, t =0.15 mm, d =0.25 mm

13



Hence,

B _ _ 2 2
Cv —TTDV =2.42 cm, Av = nDV = 0. 465 cm

N

Cl =27 (Dv+2t+d) =5.18 cm
Before calculating the pressure drops a few checks are desirable:

VVt

T, = =79 m/sec
pVAV
1—IV
M=—=0.042 << 1
SV
4w
R, =—"t =4 2x10°
XV u C
vV Vv

fg =~ 0. 042 (ref. 14)

hence, the vapor flow is incompressible and turbulent;

4w
R, =—t -2 0x10

, <10°
AY)

R =m_dzlaxl_€i_=o.17<1
) 2 le

and the liquid flow is laminar with a parabolic velocity profile. The pressure drops are

14



obtained from equations (17) and (22):

W2
1t 4 53x10% N/m?
2 2
pVAV
D
N
ze_zc—-———l =1,22
0"e

-1
2 z, E4(ze) =0.107 (ref. 10)

1 £l

271 .02 _4 973
a D
v

Ap, = -4.53x10% X (1 + 0.107 + 0.273) = -6.25x10% N/m?

Z=20cm

wow,
Ap, =- 24—t 1. 66x10% N/m?

7=
3
plCld

and

Ap, + Ap, = -2.29x10° N/m?
For the second heat pipe Q =30kw = 3x10* J/sec, and

Wi -9 _1.60x1073 kg/sec
hfg

‘The internal dimensions for the evaporator and condensor are
Ze =30 cm, lc =120 cm

Dv=1.60cm, t=0.25 mm, d =0.50 mm

15



Hence,

_ _ _1 2
CV—HDV—5.03 cm, AV—ZHDV

C,=2nm (Dv+2t+d)=10.7 cm

The same checks as before are desirable:

Wi
T = =55.3 m/sec

T
M=-Y=0.029<<1
S

4w
t _6.06x10°

fo ~ 0.036 (ref. 14)

Hence, the vapor flow is incompressible and turbulent;

-4Wt
RX = e = 2. 9X10
A

2 3

<10

R, md 1p d_g24<1
My 2

and the liquid flow is laminar with a parabolic velocity profile.

16

=2.01 cm

2

The pressure drops are



obtained from equations (17) and (22):

2 .
W2
1 7t _ 9 20x10% N/m?
D
z =—7 =1.48
€t
0°e

-1 _
Zg E4(Ze) = 0. 032 (ref. 10)

D
7z =—V =0.370

c
folc

-1
z, E4(zc) = 0.533

_ 2 _ 2 2
Ap, =-2.20x10% X (1+0.03 +0.53) =-3.43x10“ N/m
[ =175cm

Wl
Ap, =- 24— - _1.14610% N/m?

3
plCZd

and

Ap, + Ap, = -1.48x10° N/m?

In the adiabatic section of the long heat pipe the sum of the vapor and liquid pressure
drops is given by equations (16) and (22)

2
8 Wifpla 12 MgWily

5
m pVDv T plDld

17



where DV =D - 2t - 24, DZ =D -d, and D is the inside diameter of the pipe. If
[Apa[ is minimized with respect to d, one finds d ~ 1.0 mm, Dv = 1.50 cm, and
D, = 1.65 cm. Hence,

fo ~ 0.035 (ref. 14)

and with Za =300 cm,

2
wifnl
Ap, =- 2t 05"‘ = -1.99x10° N/m?
2
m vav
u,w.l
Ap, =-12°0t2_ 5 g5¢10 N/m?
T pZDld3

Ap, = Ap, + Ap; = -2.58x10° N/m?

Finally, the total pressure drop for the long heat pipe is -4. 06x10° N/m2.
If an arterial liquid return passage is used in the adiabatic section of the long heat
pipe, laminar flow requires

7 = ——— ~ 2x10°
nulDl

1. =52 50 032

0l " g
xl
Hence, D, ~ 0.5 cm and the liquid pressure drop is
'}
2
wifn, 2
Ap, =- 8 1013 _ 4 g4¢10% N/m?

772 plD?

18



If the porous artery has the same wall thickness as the capillary screen,

’ _ _ 2
Cv =17.23 cm, AV =2.17 cm

4W,E

3
R_ = = 4.2x10
XV
HVCV
fg, ©0.042  (ref. 14)

The pressure drop in the vapor is given by

2
Wi f0vCyla

Ap, =-1 - -1.99x10% N/m?
8

v
ey

and

Ap, = Ap, + Ap; =-2. 15x10° N/m2

The total pressure drop for the long heat pipe is now -3. 63><103 N/mz.
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Figure 2. - Heat-pipe-like system.
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Figure 3. - Heat pipe with annular liquid return.

\

E-6126

21



2 b

L

y};@icwaw;g&g@ggfa\m “ e

o
.
?//&(

.
é%




